We analyzed the quantity and diversity of nitrite reductase genes (nirS and nirK) in rice paddy soil before and after inducing denitrification. A quantitative PCR analysis showed that the copy number of nirK, but not nirS, increased significantly in response to the denitrification-inducing conditions. Diverse nirS and nirK clones were identified by clone library analyses. Clones related to the NirS of Burkholderiales and Rhodocyclales, and NirK distantly related to known denitrifiers increased their proportion in response to the denitrification-inducing conditions, and therefore, might be involved in denitrification in rice paddy soil.
Denitrification is an important step in the environmental nitrogen cycle (4) , in which NO3 − and NO2
− are reduced to gaseous end products (NO, N 2 O, and N 2 ) (11). Denitrification in agricultural fields can cause a loss of nitrogen from soil as well as the emission of nitrous oxide, which potentially contribute to global warming (4, 6, 11) and the destruction of the ozone layer (12) . Rice paddy fields have been known to have strong denitrifying activity with low rates of N 2 O emission, most likely due to complete denitrification with N2 as an end product (1) .
Denitrification is a microbial respiratory process carried out by several enzymes. Nitrite reductase mediates reduction of nitrite to nitric oxide, a key process in denitrification (2) . Two functionally-equivalent nitrite reductase enzymes are known, NirS containing cytochrome cd1, and NirK containing copper (11) . Denitrifiers possess either NirS or NirK, and no strain is known to harbor both enzymes so far. The genes encoding NirS and NirK (nirS and nirK, respectively) have been used to study the diversity and quantity of denitrifiers (2, 3, 5, 8, 9, 11, 14, (16) (17) (18) .
Recently, Saito et al. (14) applied stable isotope probing (SIP) to the study of active denitrifying populations in rice paddy soil using 13 C-succinate as an electron donor and a carbon source for denitrifiers. Based on the clone library analyses targeting 16S rRNA gene, nirS, and nirK, they concluded that bacteria belonging to Burkholderiales, Rhodocyclales, and the novel Betaproteobacteria closely related to the Rhodocyclales contribute to denitrification in rice paddy soil. Although their study was the first attempt to clarify denitrifying populations in rice paddy soil, a quantitative assessment of the denitrifiers was not conducted.
In this study, we employed real-time quantitative PCR (qPCR), in addition to clone library analyses, to compare the quantity and diversity of the nitrite reductase genes in a rice paddy soil sampled before and after denitrification was induced. In addition, the results were compared with those from a field study (18) .
A soil microcosm system established by Saito et al. (14) was used. An aliquot (1 g) of air-dried soil collected on October 8, 2004 from the Field Production Science Center, Graduate School of Agricultural and Life Sciences, The University of Tokyo (Nishitokyo, Tokyo, Japan) was preincubated in a serum vial at room temperature for 1 week with 1.5 mL of sterilized distilled water. After preincubation, 0.1 mg-N NO3 − and 0.5 mg-C succinate were added as an electron acceptor and donor, respectively, for denitrifiers. The vials were anaerobically incubated with Ar-C 2 H 2 (90:10, v/v) gas for 24 h at 30°C. These conditions were previously shown to enhance denitrifying activity (7, 14) , and the growth of specific microbial populations (e.g., denitrifiers) (7). While succinate was used by various denitrifiers, it was used little for other functions (e.g., fermentation, metal reduction, and dissimilatory nitrate reduction to ammonium), within 24-h incubation in the presence of nitrate (7, 14) .
Soil samples were collected before and after 24-h incubation from replicate vials (n=3). DNA was extracted and purified from 1 g of soil using Isoil for Beads Beating (Nippon Gene, Tokyo, Japan). To minimize the influence of the PCR inhibitors, the DNA samples were further purified using a Power Soil DNA Purification Kit (MoBio Laboratories, Carlsbad, CA, USA). Purified DNA was diluted 50-fold for PCR and 10-fold for qPCR to reduce the influence of the PCR inhibitors (e.g., humic acids). Quantitative PCR was performed using the StepOne Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) with Power SYBR Green PCR Master Mix (Applied Biosystems) under the conditions described by Kandeler et al. (8) . Modifiedcd3aF and -R3cd primers (8) , and nirK876F and nirK1040R primers (5) were used for the quantification of nirS and nirK, respectively. Amplification of the correct-sized products was verified by a dissociation curve analysis and agarose gel electrophoresis. Analysis of variance (ANOVA) was performed using R program ver. 2.7.0 (http://www.r-project.org/) to examine significant differences (α=0.05) in nirS and nirK gene copy numbers among samples.
To compare community structure among replicate samples, and between soils before and after the 24-h incubation, 16S rRNA gene was amplified using 357F and 520R primers, and denaturing gradient gel electrophoresis (DGGE) was performed as described (10) . After confirming that bacterial community structure was similar among the three replicates based on the DGGE analysis, replicate DNA was pooled and used for clone library analyses. nirS and nirK were amplified with the primers cd3aF and R3cd, and F1aCu and R3Cu (16), respectively, as described previously (14) . Annealing sites of these primers are the same as used for qPCR. The PCRamplicons were cloned and sequenced as described elsewhere (18) . Nucleotide sequences were translated, and operational taxonomic units (OTUs) and diversity indices were calculated using the DOTUR program (15) as described previously (18) . Phylogenetic trees were constructed based on the alignment of deduced amino acid sequences (18) . The nucleotide sequences of nirS and nirK obtained in this study have been deposited in the DDBJ/EMBL/GenBank databases under the following accession numbers: nirS, AB377710-AB377720, AB377722-AB377768, AB377770-AB377781, AB377783-AB377787, AB377789-AB377801, AB377803-AB377810 and AB453398-AB453406; and nirK, AB377969-AB378007 and AB453441-AB453539.
Real-time qPCR results showed that the copy numbers of nirK were approximately 10-fold greater than those of nirS, suggesting nirK-harboring denitrifiers to be more abundant than nirS-harboring denitrifiers in the rice paddy soil. A similar trend was observed in field samples of rice paddy soils collected in 2006 (18) . While the quantity of nirS did not change significantly, that of nirK was increased 1.7-fold (p<0.05) by 24-h incubation with nitrate and succinate. Similarly, in the field samples, there were no significant changes in the quantity of nirS; whereas, the quantity of nirK changed with the collection date (18) . These results indicate that denitrifiers harboring nirK multiplied in response to the addition of nitrate and succinate.
Based on the DGGE analysis, specific microbial populations were enriched in response to the 24-h incubation (data not shown) similar to a previous study (7) , suggesting that denitrifiers may have grown under the conditions used. Since bacterial community structure was similar among the three replicates based on the DGGE analysis (data not shown), replicate DNA was pooled for the clone library analysis.
The diversity of nirS and nirK in the rice paddy soil was examined using clone libraries. While the diversity indices for nirS did not seem to change greatly before and after incubation (Table 1) , those for nirK increased after incubation. This implies that a diverse group of nirK-harboring denitrifiers may have responded to the experimental conditions. Fig. 1 shows phylogenetic trees based on the deduced NirS (123-130 amino-acid residues) and NirK (145 amino-acid residues) amino acid sequences. Sequences obtained in a previous SIP analysis (14) were also included. The clones obtained in this study were widespread throughout the tree, indicating extensive diversity of the nirS and nirK in the rice paddy soil.
The NirS tree can be divided into five clusters (clusters I-V) (Fig. 1A) based on >60% amino-acid sequence identity. Some clones were related to the NirS of Burkholderiales (clusters I and III), Rhodocyclales (clusters I and II), and Rhodobacterales (cluster IV), while others were distantly related to the NirS of known denitrifying bacteria. Clones distantly related to known NirS sequences have been detected in various soil environments (2, 9, 16) . Clones obtained in the SIP experiment (14) belonged to clusters I, II, and III.
The NirK tree shown in Fig. 1B can be divided into six clusters (clusters I-VI) based on >60% amino-acid sequence identity. The clones in clusters I and III were relatively closely related to NirK from the genera Bradyrhizobium and Mesorhizobium, and Sinorhizobium and Ochrobactrum, respectively; while cluster II was related to NirK from the genus Rhodobacter. The clones belonging to the remaining clusters (IV, V, and VI) were relatively distantly related to the NirK of known denitrifier isolates. Other studies also reported the presence of previously-uncharacterized nirK clones in soils (3, 9, 13, (16) (17) (18) . Many of the SIP clones were also observed in cluster III. Since microbes represented by the SIP clones assimilated 13 C-succinate under denitrification-inducing conditions, these results indicate the microbes represented in cluster III to perform denitrification using succinate as an electron donor.
Although our clone libraries may not cover all the OTUs expected (Table 1) , we could partly estimate population changes in response to the substrates by combining the results obtained by qPCR and the clone library analysis (Fig. 2) . While overall copy numbers of nirS did not change significantly with 24-h incubation, the proportion of nirS clones in clusters I, II, and III (those related to the NirS of Burkholderiales and Rhodocyclales) increased after the incubation ( Fig. 2A) . Since denitrifying activity was greatly enhanced by 24-h of anaerobic incubation with nitrate and succinate (7, 14) , the nirS clones in clusters I, II, and III might be involved in active denitrification under the conditions used. Similar to the present results, the clones related to NirS of Burkholderiales and Rhodocyclales were identified by SIP experiments (14) and in rice paddy field soil (18) . In contrast to those in clusters I, II, and III, clone numbers in cluster V (distantly related to the NirS of known denitrifiers) decreased after incubation, suggesting that these unique NirS may be little involved in the denitrification.
The distribution of nirK clones in the six clusters also differed between before and after incubation (Fig. 2B) . The proportion of clones belonging to clusters IV and VI (distantly related to the known NirK) increased greatly after incubation. Similar to this study, clones distantly related to the known NirK increased in the rice paddy field soil collected when the denitrification was considered to be most active (18) . In contrast to these results, there were no clones from the SIP study (14) in clusters IV and VI. In the SIP experiments, denitrifiers assimilating indigenous soil organic matter (i.e., 12 C-compounds) may not be detected in the 'heavy' fraction of the DNA, potentially causing the discrepant results described above.
In conclusion, our study showed that the copy number of nirK, but not nirS, increased significantly in response to denitrification-inducing conditions, suggesting the nirK-harboring denitrifiers to be more responsive to the conditions used. The denitrifier population structure as assessed from the diversity of nitrite reductase genes also changed by the incubation. Our study also demonstrated that we could identify active denitrifiers by comparing clone libraries. Diverse forms of nirS and nirK were present in the rice paddy soil, but only some of them might be responsible for denitrification. Fig. 1 . Neighbor-joining tree based on the deduced NirS (A) and NirK (B) amino acid sequences. Bootstrap values (%) were generated from 1,000 replicates of neighbor joining and those >70% are shown. The branch lengths for the outgroups were shortened. The numbers in parentheses show the number of clones in the OTUs. TAS, NirS sequences obtained from the soil after incubation; TBS, NirS sequences obtained from the soil before incubation; NS, NirS sequences obtained from the SIP analysis (14) ; TAK, NirK sequences obtained from the soil after incubation; TBK, NirK sequences obtained from the soil before incubation; NK, NirK sequences obtained from the SIP analysis (14) . Fig. 2 . Changes in distribution and quantity of nirS (A) and nirK (B) clones in response to the denitrification-inducing condition. nirS and nirK clones were grouped into five and six clusters, respectively, based on the phylogenetic trees shown in Fig. 1 .
